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ABSTRACT 
Microalgae are one of the most important organisms in our ecosystems being seriously affected 
by metal pollution. However, the microalgae Tetraselmis suecica (Kylin) Butch is tolerant to 
cadmium; the concentration of this metal that reduces the population growth to 50% of the 
control growth level is 5.8 mg/L after 96 h of exposure. In this study, class III metallothioneins 
were investigated for their involvement as a possible tolerance mechanism in this microalga 
when exposed to cadmium. A set of these molecules was purified from these microalgal cells 
after exposure to the metal. These polypeptides were analyzed by capillary zone electrophoresis, 
which is a technique that allows the length of the metallothioneins synthesized by this microalga 
to be known. The T. suecica cells were able to synthesize class III metallothioneins of three to 
six subunits of (γ-Glu-Cys). The most abundant polypeptide possessed four subunits, and (γ-
Glu-Cys)6-Gly was the largest polypeptide synthesized by this microalga and detected by this 
technique. Tolerance to cadmium as a function of increasing polypeptide length is also 
discussed. 
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INTRODUCTION 
Nonessential metal ions can inhibit a variety of metabolic activities and be detrimental to 
cellular processes. This also happens when essential metal ions are present at high 
concentrations above a specific threshold. 
As a consequence of the industrial revolution, demand for metals is enormous and increasing, 
which leads to high anthropogenic emission of these elements in the environment. Metals in 
aquatic environments persist, because in contrast to herbicides, pesticides, and other potential 
pollutants, they do not break down and, instead, persist in sediments, being slowly released into 
the water and becoming available to the organisms [1]. 
Cadmium is a common industrial pollutant, the concentration of which has increased in various 
environments during the last decades. Cadmium is a nonessential metal that produces serious 
hazards to aquatic organisms, including microalgae [2,3]. The toxic effect of cadmium on 
microalgae is relevant, because these organisms constitute the base of the marine food chain. 
Microalgae, like other organisms, have developed different protective mechanisms to tolerate 
exposure to metal poisoning. One of the most studied mechanisms during the last few years is 
the synthesis of metallothioneins. In response to excessive uptake of metals, microalgae induce 
metal-binding peptides, which are referred to as class III metallothioneins. Several studies have 
confirmed the ubiquity of class III metallothionein synthesis in response to cadmium in 
microalgae [4–7]. These molecules have attracted considerable interest regarding their 
biochemical and environmental aspects [8], not because of their role in the detoxification of 
metals but also because they could be involved in metal ion homeostasis as essential metal ion 
reservoirs [9]. In plant cells, class III metallothioneins could play a role in sulfur metabolism as 
well [10]. 
Class III metallothioneins are polypeptides with the amino acid structure (γ-Glu-Cys)n-Gly, 
where n ranges from 2 to 11. An enzyme, γ-glutamylcysteine transpeptidase, which is isolated 
from a higher plant, catalyzes class III metallothionein formation [11]. The enzyme transfers the 
γ-glutamylcysteine dipeptide from one glutathione molecule to another glutathione as an 
acceptor molecule. This reaction can thus proceed sequentially to yield progressively larger 
peptides. 
This enzyme has been given the trivial name phytochelatin synthase, because it was first 
purified from plant cells [11]. Class III metallothionein synthase (i.e., phytochelatin synthase) is 
present constitutively in cells. Studies of the enzyme in vitro have demonstrated that cadmium is 
the most effective activator, followed (generally) by Ag, Bi, Pb, Zn, Cu, Hg, and Au [11,12], 
depending on the species of test organism used in the study. 
Class III metallothioneins chelate metals through coordination with the sulfhydryl group in 
cysteine, forming thiolatemetal complexes. After the metal enters the cytosol of the cell, it is 
immediately complexed and inactivated. This action avoids the inhibitory effect of metal on 
active catalytic sites or on structural proteins [13]. Class III metallothioneins may be a 
component of a shuttle system for the transfer of metals from the cytoplasm to the vacuoles 
[14,15]. 
Class III metallothioneins are widespread among microalgae. In this study, the ability of the 
marine microalga Tetraselmis suecica (Kylin) Butch to synthesize class III metallothioneins in 
response to cadmium was assayed. Moreover, the class III metallothioneins synthesized by this 
microalga were characterized using a capillary electrophoresis technique, which was used to 
separate and identify the class III metallothioneins. 
MATERIALS AND METHODS 
Effect of cadmium toxicity on growth 
The T. suecica cells were grown in batch conditions in natural, organic-free seawater to 
determine the effect of cadmium on growth. The seawater was passed through a 0.45-μm 
Millipore filter (Milli-Q Corp., Bedford, MA, USA) and a charcoal column to eliminate organic 
chelating substances and, subsequently, sterilized at 121°C for 20 min. The assay was carried 
out in this natural, unenriched seawater, with no inorganic nutrients added. The salinity of the 
seawater was 35‰, and the initial pH of the culture was 8. 
Stock solution of cadmium was prepared by dilution of CdCl2 in Milli-Q water to a final 
concentration of 10 g/L of cadmium. For the experiment, appropriate volumes of the stock 
solution were added to the natural seawater to obtain cadmium concentrations of 0.6, 3, 6, 15, 
30, 45, and 60 mg/L. Control cultures without cadmium were also included. 
Cultures were carried out in triplicate in Kimax test tubes (Kimble Glass, Vineland, NJ, USA) 
containing 40 ml of this natural seawater. The tubes were previously rinsed with nitric acid as 
well as several times with Milli-Q water. Cultures were maintained at 18 ± 1°C and 68 μE/m2/s, 
with a 12:12 photoperiod for 4 d. Initial cell density was 25 × 10
4
 cells/ml. Cultures were gently 
shaken every day to ensure homogeneous exposure to the metal. Growth of microalgal cultures 
was measured daily by counting culture aliquots in a Neubauer (Blaubrand, Brand, Germany) 
hemocytometer chamber after fixation with Lugol (Central Scientific, Franklin Park, IL, USA). 
The concentration of cadmium that reduces the population growth to 50% of the control growth 
level (EC50) was calculated by probit analysis [16]. 
Class III metallothionein synthesis 
Culture conditions. The metallothionein induction assay was carried out in seawater enriched 
with inorganic nutrients [17] but without ethylenediaminetetraacetic acid (EDTA) and Tris. 
Cultures were grown in triplicate in glass bottles (Pyrex™; Corning, New York, NY, USA) with 
natural, sterile air at a flow rate of 10 L/min. Cultures were maintained at 18 ± 1°C and 68 
μE/m2/s, with a 12:12 photoperiod. Initial cell density was 25 × 104 cells/ml. These culture 
conditions were necessary for achieving better growth. Cultures were maintained until sufficient 
cells were obtained, because larger amounts of biomass are required to detect and purify 
metallothioneins. 
The cadmium concentration used for metallothionein induction experiments was 6 mg/L. 
Cultures without cadmium were also included as controls. 
Nonprotein thiol-rich compound extraction and detection in crude extracts.Nonprotein thiol-
rich compounds were determined in acid crude extracts according to the method described by 
Ellman [18]. Cells from cultures not exposed to cadmium and from cultures exposed to 6 mg/L 
of cadmium were collected by centrifugation (12,000 g for 10 min) and washed with metal-free 
seawater. The cell pellet was then re-suspended in 0.1 M HCl, and the cells were homogenized 
with an ultrasonic cell disrupter for 3 min at 14 μm. Unbroken cells and cellular debris were 
removed by centrifugation at 12,000g for 15 min at 4°C. 
An aliquot of 400 μl of the acid extract was mixed with 700 μl of a solution containing 10 mM 
dithiobis-nitrobenzoic acid, Ellman reagent, and 1 mM EDTA in 0.5 M sodium phosphate 
buffer (pH 7.5). After 2 min of reaction, the absorption was recorded at 412 nm. Values were 
corrected for the absorbance of the reagents and of the extracts. 
Glutathione was used as a suitable calibrating substance for quantitating the thiols. 
Purification of metallothionein complexes. Cadmium metallothioneins were purified by gel-
filtration chromatography. Alkaline extracts were prepared from cells exposed to 6 mg/L of 
cadmium for 8 d and from cells not exposed to cadmium. Cells were collected by centrifugation 
(12,000 g for 10 min) and washed with metal-free seawater. The cell pellet was re-suspended in 
75 mM sodium borate buffer (pH 8.6), and the cells were disrupted and clarified as in the acid 
extracts. 
One milliliter of these alkaline extracts was applied to a Biogel P-60 (Bio-Rad Laboratories, 
Hercules, CA, USA) gel-filtration column (2.5 × 60 cm) equilibrated with 75 mM sodium 
borate buffer (pH 8.6). The extracts were eluted in the same buffer at a flow rate of 0.4 ml/min 
and at room temperature (23 ± 2°C). The absorption of the eluates was monitored at 254 nm, 
and fractions of 4 ml were collected. 
The metallothionein-containing fractions in the cellular extracts were located by cadmium 
analysis and by measurement of the thiol content of an aliquot of each fraction. An aliquot of 
each fraction was acidified with nitric acid, and then cadmium was measured by inductively 
coupled plasma-mass spectrometry using a VG Elemental Plasma Quad 2 ICP-MS System (VG 
Elemental, Offenbach, Germany). Thiol groups were detected and measured in all fractions 
according to the method described by Ellman [18]. 
Analysis of metallothioneins 
Determination of amino acid content. The purified fraction containing the highest concentration 
of cadmium and thiol groups was analyzed to determine the amino acid composition. Amino 
acid composition was determined after cysteine stabilization with 3,3′-dithiodipropionic acid 
(DTDPA) by high-performance liquid chromatography (HPLC) [19] using a HP 1046A HPLC 
system equipped with an HP 1050 fluorescence detector (Hewlett-Packard, Waldbronn, 
Germany). 
Aliquots from the purified fraction were mixed with a solution containing 10% (w/v) DTDPA 
dissolved in borate buffer (0.4 N, pH 10.4). After 1 h, the hydrolysis was produced by addition 
of HCl and phenol at final concentrations of 6 N and 0.1% (w/v), respectively. The tube 
containing the mixture was sealed and hydrolyzed for 24 h at 110°C. The tube was then cooled, 
and the sample was evaporated to dryness. Finally, the sample was reconstituted in the borate 
buffer and centrifuged at 12,000 g for 10 min at 4°C. 
The amino acids were analyzed by HPLC after derivatization with o-phthaldialdehyde for 
primary amino acids and with 9-fluorenylmethylchloro-formate for secondary amino acids 
using a C18 ODS Hypersil, 5-μm column (250 × 4 mm) equipped with a guard column 
Lichrospher 100RP-18 (5 μm, 4 × 4 mm; Merck, Darmstadt, Germany). The chromatographic 
procedure was the same as that described by Godel et al. [20]. Chromatograms were recorded 
and analyzed with the Chemstation HPLC
3D
 data processing software (Hewlett-Packard). 
Capillary electrophoresis. The fraction containing the highest concentrations of thiol groups 
and cadmium was analyzed by capillary electrophoresis. The electrophoretic analysis was 
performed on a HP
3D
CE Capillary Electrophoresis System (Hewlett-Packard) using an 
uncoated, fused silica capillary (inner diameter, 50 μm; total length, 37.5 cm). Ultraviolet 
detection was fixed at a wavelength of 200 nm. 
 
Figure Fig. 1. 
Growth of Tetraselmis suecica cells with the different cadmium concentrations assayed. • = 
Control, ▪ = 0.6 mg/L, ▴ = 3 mg/L, ▾ = 6 mg/L, ♦ = 15 mg/L, ○ = 30 mg/L, □ = 45 mg/L, ⋄ = 60 
mg/L. Data are means ± SD (n = 3). 
 
Before the runs, the capillary was rinsed with 1 M sodium hydroxide solution, distilled water, 
and 1 M HCl and then conditioned for 3 min with the running buffer. The running buffer was 
150 mM phosphoric acid with 2% (v/v) acetonitrile as an organic modifier. Between each 
injection, the capillary was consecutively washed for 2 min with 0.1 M HCl and Milli-Q water 
to remove surface-adhered material and to maintain separation reproducibility. Finally, the 
capillary was filled with running buffer. Injection of the sample into the capillary was at the 
anode by pressure at 50 mbar. Electrophoresis was carried out by applying +12 kV in a 
constant-voltage mode at room temperature (23 ± 2°C). 
 
RESULTS 
Growth 
Figure 1 shows a significant effect (analysis of variance, p < 0.001) of cadmium on growth of T. 
suecica after 96 h of exposure. Exposure of T. suecica cells to increasing cadmium 
concentrations resulted in progressive inhibition of growth. As cadmium concentration 
increased in the medium, growth decreased. Control cultures and cultures exposed to 0.6 and 3 
mg/L of cadmium reached the stationary phase in 3 d, whereas in the cultures exposed to 6 
mg/L, only a small increase in cell density occurred. Cultures exposed to the highest cadmium 
concentrations (15, 30, 45, and 60 mg/L) did not grow at all. 
The statistical analysis using Duncan's multiple range test showed that the toxic effect of the 
different cadmium concentrations assayed on T. suecica growth could be expressed as 
Control =  0.6 < 3 < 6 < 15 = 30 =45 60 
Therefore, in these culture conditions, a cadmium concentration of 0.6 mg/L or less had no 
detectable effect on growth of microalgal cells, but at higher cadmium levels, growth rates 
decreased. 
The median effective concentration (EC50) for this microalga was estimated at 5.8 mg/L of 
cadmium after 96 h of exposure. 
Analysis of metallothioneins 
Initial screening for cadmium-binding polypeptides was the measure of thiol group evolution in 
cultures exposed to cadmium. 
An increase in the concentration of thiol groups was observed over time in T. suecica cells 
exposed to cadmium (Fig. 2), whereas thiol content in the cells not exposed to cadmium did not 
change during the experiment. In cells exposed to cadmium, thiol concentration fitted a 
sigmoidal curve, with R
2
 = 0.99. A rapid increase occurred in thiol groups, reaching the highest 
concentration in 6 d, with 30.8 × 10
−6
 μM-SH/cell. The presence of thiol-rich compounds in the 
microalgae was considered to be the first presumptive evidence of metal-binding polypeptides 
in these cells. Therefore, T. suecicacells exposed to cadmium are able to synthesize and 
accumulate compounds with thiol groups.  
 
 
Figure Fig. 2. 
Time course of thiol groups in Tetraselmis suecica cultures exposed to 6 mg/L of cadmium 
during 8 d (•) and in control cultures (▴). Data are means ± SD (n = 3). 
 
Purification of these molecules induced by cadmium was performed by gel-filtration 
chromatography. Crude, cell-free extracts of untreated cells and of treated cells cultured for 6 d 
with 6 mg/L of cadmium were examined. Typical separations of these extracts are shown in 
Figure 3. Absorbance was measured at 254 nm, with a new peak appearing in the chromatogram 
of cadmium-exposed cells (Fig. 3b). This peak did not appear in the chromatogram of control 
cells (Fig. 3a). The higher concentration of thiol groups corresponded to this new peak in the 
chromatogram of cells exposed to cadmium (Fig. 3b). Similarly, metal analysis showed that the 
fractions of this peak (fractions 21–33) had the highest cadmium concentration, with 86.71% of 
the cadmium present in the initial extract applied to the gel-filtration column. The appearance of 
cadmium-enriched thiol fractions indicates the presence of thiolate–metal complexes. 
When the cadmium-enriched thiol fractions separated by gel permeation chromatography were 
subjected to amino acid analysis, only three amino acids were detected: glycine, glutamic acid, 
and cysteine. Glutamic acid and cysteine were the most abundant amino acids. Therefore, from 
these data, the new peak fractions clearly correspond to class III metallothioneins. These 
molecules were induced in response to cadmium exposure and characterized by the presence of 
thiolate–metal complexes, and the amino acid composition was the same as that for class III 
metallothioneins. 
Thiol groups were identified as class III metallothionein. The level of these cadmium-binding 
polypeptides in T. suecica cells also increased with time of exposure to cadmium (Fig. 2). 
Capillary electrophoresis was used to characterize these cadmium-binding polypeptides 
synthesized in response to cadmium [21]. Running buffer was added with 2% (v/v) acetonitrile 
(organic modifier) that allowed class III metallothioneins peaks to be sharper and the resolution 
to be increased. 
 
Figure Fig. 3.. 
Typical chromatograms obtained by gel-filtration chromatography from Tetraselmis 
suecica cells not exposed (a) and exposed to 6 mg/L of cadmium for 6 d (b). • = Absorbance at 
254 nm, ▪ = -SH groups, ▴ = cadmium. 
The electropherogram (Fig. 4) of the class III metallothioneins purified from T. suecica cells 
distinguished four peaks, each corresponding to a metallothionein with a different number of 
subunits. The presence of various peaks in the fraction containing metallothioneins indicates 
that these molecules form a complex of metallothioneins with different chain lengths. 
 
 
Figure Fig. 4.. 
Electropherogram obtained by capillary electrophoresis of the fraction containing the highest 
concentration of class III metallothioneins [(γEC)nG]. 
 
This electrophoretic technique allowed determination of the length of these polypeptides [21]. 
The T. suecica cells exposed to cadmium were able to synthesize metallothioneins of three to 
six subunits of (γ-Glu-Cys). The most abundant polypeptide was (γ-Glu-Cys)4-Gly, and the 
largest polypeptide detected by this technique contained six subunits. 
 
DISCUSSION 
Microalgae are one of the most important organisms in our ecosystem, because they are the 
main primary producers and the base of the food chain. Microalgae are characterized by their 
rapid growth rates and ubiquitous distribution in natural environments, and they show greater 
sensitivity to environmental variation (e.g., nutrients and pollutants). This is why the use of 
microalgae as test organisms is gaining support. Furthermore, algal toxicity tests are quick, 
inexpensive, and can be used effectively to assess those toxic substances that are found in 
concentrations too low for effective detection by higher trophic organisms [22]. 
Cadmium is one of the most toxic metals, with no described biological function. Due to a great 
affinity to sulfhydryl groups, cadmium can inactivate many important enzymes, resulting in the 
inhibition of growth, photosynthesis, respiratory rate, and other cell processes [3]. Several 
studies have been reported concerning the effect of cadmium on growth of microalgal cells [23]. 
Growth is a good indicator for the toxic action of cadmium in microorganisms, and it reflects 
the metabolism of the cell. 
The effect of cadmium on growth depends on the microalgal species.Tetraselmis 
suecica tolerates high concentrations of cadmium. In this study, a concentration of 3 mg/L or 
higher affected the growth of T. suecica cells (Fig.1). The EC50 calculated for this microalga 
after 96 h of exposure to this metal was 5.8 mg/L. 
Interspecies differences in microalgal cadmium tolerance have been reported. Microcystis 
aeruginosa, Scenedesmus quadricauda, Aulacoseira granulata, Anabaena variabilis, Chlorella 
vulgaris, and Haematococcus capensisare among the microalgae most sensitive to cadmium, 
with their growth being inhibited at 5.6 × 10
−4
, 1.87 × 10
−3
, 2.13 × 10
−3
, 0.01, 0.1, and 0.1 mg/L 
of cadmium, respectively [2,24]. Scenedemus obliquus, Ankistrodemus falcatus, 
Chlorococcum sp., Navicula incerta, and T. gracilis are more tolerant to cadmium, with their 
growth being inhibited at 2.5, 2.5, 3, 3.01, and 3.2 mg/L [24]. Therefore, T. suecica can be 
included in the group of microalgal species most tolerant of cadmium. 
Many metals induce production of class III metallothioneins, although the magnitude of the 
response depends on the particular metal [25]. Production of these peptides is believed to be a 
general detoxification system in many cells. Thus, Wikfors et al. [6] selected microalgal strains 
with laboratory-induced cadmium tolerance. They found that Phaeodactylum tricornutumstrains 
grew in concentrations that were acutely toxic to the original P. tricornutum strain from which 
they were derived, and that these tolerant strains produced more (γ-Glu-Cys)n-Gly than the 
original strain. In the same way, a cadmium-resistant line of Chlorella sp., with an EC50 of 3.92 
mg/L, was found to produce more metallothioneins than the sensitive line with an EC50 of 
0.336 mg/L [26]. Also, Rijstenbil et al. [27] observed in the diatomsDitylum 
brightwelli and Thalassiosira pseudonana the appearance of compounds with thiol groups after 
exposure to several metals (cadmium, copper, and zinc); these compounds were identified as 
class III metallothioneins. 
Cadmium is the most studied metal regarding class III metallothioneins, because this metal is 
one of the best inducers of these polypeptides [28]. Ahner and Morel [25] found that the 
concentration of intracellular class III metallothioneins in Thalassiosira weissflogii, Tetraselmis 
maculata, andEmiliania huxleyi increased after the addition of cadmium. These microalgae 
were exposed to Cd, Pb, Ni, Cu, Zn, Co, Ag, and Hg. Cadmium was the most effective inducer 
of class III metallothioneins in these three marine microalgae. 
In this study, the ability of T. suecica cells to synthesize class III metallothioneins as a 
mechanism of tolerance to cadmium was demonstrated. These microalgal cells produced net 
quantities of thiols when they were exposed to cadmium (Fig. 2), and these thiols were 
identified as class III metallothioneins (Fig. 4). 
As in those of other microalgae, class III metallothionein concentration increased in T. 
suecica cells with metal exposure. In this study, metal analysis showed that approximately 87% 
of the cadmium that accumulated in T. suecica was bound by class III metallothioneins. Torres 
et al. [21] found thatPhaeodactylum tricornutum cells bound 60% of cellular cadmium as 
cadmium-binding complexes. These polypeptides would be acting as chelating molecules of 
cadmium and, therefore, cooperating in a possible mechanism of tolerance to this metal. 
Capillary electrophoresis was performed to characterize the thiol-containing molecules that 
accumulated in response to cadmium in the microalga T. suecica. The traditional technique for 
an analysis of this kind of molecules is HPLC [11]. Recently, capillary electrophoresis has been 
used for the separation of class I and class III metallothioneins, showing that this technique is a 
very efficient tool with a high separation efficiency [29,30]. This technique also allows the 
length of the metallothioneins to be determined [21]. A similar method described by Torres et 
al. [21] was employed in this separation, but with the modification that 2% (v/v) acetonitrile 
was added to the running buffer. The addition of organic modifier resulted in sharper class III 
metallothionein peaks and increased resolution. 
The length of the class III metallothioneins synthesized is of great interest. The T. suecica cells 
exposed to 6 mg/L of cadmium for 6 d are able to synthesize metallothioneins with three to six 
subunits of (γ-Glu-Cys) (Fig. 4). The most abundant polypeptide detected by this technique was 
(γ-Glu-Cys)4-Gly, and the largest detected had six subunits. 
One of the roles of class III metallothioneins is to protect against the toxic effects of metals, 
because immobilized metals are less toxic than free ions. Microalgae that are able to synthesize 
metallothioneins with higher chain lengths are more tolerant of metals, because long-chain 
metallothioneins are more efficient at binding metals. Thus, Kaplan et al. [26] found that the 
differences between resistant and sensitive strains of Chlorella sp. were an increase in class III 
metallothionein concentration and the appearance of longer metallothioneins in the tolerant 
cells. The EC50 was 3.92 mg/L of cadmium in the resistant line and 0.336 mg/L of cadmium in 
the sensitive line. 
The class III metallothioneins found in P. tricornutum cells have from four to nine subunits of 
(γ-Glu-Cys). The most abundant polypeptide had five subunits, and the largest polypeptide was 
(γ-Glu-Cys)9-Gly [21]. In this diatom, growth was inhibited at 10 mg/L of cadmium, and the 
EC50 was 22 mg/L. Therefore, T. suecica would be among the microalgae most tolerant of 
cadmium, because it is able to synthesize longer class III metallothioneins than other 
microalgae. Production of these long-chain complexes could contribute to higher cadmium 
tolerance by more effective metal sequestration. Thus, tolerance to cadmium could be due not 
only to an increase in the concentration of these cadmium-binding polypeptides but, also, to the 
length of these polypeptides. 
Isolation or selection of microalgal strains that are more tolerant to the toxic effects of metals, 
such as cadmium, is important, because these microalgae can be utilized in removing metals 
from polluted water. Knowing the mechanisms that contribute to metal tolerance may help to 
improve the efficiency of removing these metals. 
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